Apple trees naturally set many more fruits than desired thus requiring active crop load management to achieve optimum fruit size and to ensure adequate return bloom. Chemical thinning is the primary method used to reduce crop load but despite 50 years of experience, it remains an unacceptably unpredictable part of apple production with large variation from year to year and within years. Our research suggests the variability in chemical thinner efficacy is related both to stage of fruit development and carbohydrate availability to support fruit growth. There is low sensitivity to chemical thinners when fruits are small at petal fall (about 4 mm diameter) followed by high sensitivity of rapidly growing fruits between 8-15 mm and then low sensitivity once fruits reach 20 mm. The basis for the differing sensitivity is not clear. A second source of variability is the availability of carbohydrates to support fruit development. Weather has strong effects on carbohydrate production and utilization. We have estimated carbohydrate supply and demand for fruit growth using the Cornell MaluSim carbohydrate prediction model and have related the carbohydrate balance to chemical thinning efficacy. Simulations over several years showed that there are often periods of particularly negative or positive carbon supply:demand balance, which were associated with severe thinning or mild thinning. We have also related the growth rate of fruits to fruit abscission. We have developed an integrated method to more precisely manage chemical thinning that utilizes estimated carbohydrate supply to the fruits and actual fruit growth rate measurements to provide real time information to fruit growers to manage thinning.
INTRODUCTION
Fruit abscission in apple orchards is actively managed at 2 times during the growing season. Early in the growing season between bloom and 4 weeks after bloom, and then later in the season near harvest. Early in the season fruit growers attempt to induce fruit abscission to reduce crop load via one or more sprays of chemical thinning compounds (Greene, 2002) while late in the season growers attempt to prevent preharvest fruit abscission via chemical drop control compounds. In this report we will only discuss management of early season fruit abscission. A discussion and model of the late season fruit abscission was published by Robinson et al. (2010) .
Apple trees produce many more flowers than needed and then shed a significant number in the first 30 days after anthesis . Some of the flowers abscise due to lack of pollination or fertilization while others abscise after fertilization but before fruits are 30 mm in diameter. The central flower of each floral bud (king flower) is least likely to abscise while the upper laterals are most likely to abscise (Goffinet and Lakso, 2014) . In some years almost all of the laterals abscise while in other years only 1 or 2 of the 4-5 lateral fruitlets abscise. But in almost all years, too many fruits remain on the tree without intervention for commercially optimum fruit size and good return bloom. Typically 90% of the fruitlets must be eliminated to allow the remaining 10% to achieve optimum commercial size. Prior to the emergence of chemical thinning compounds apple growers used hand thinning to reduce crop load; however, this practice which is done mid-season (between 40-80 days after bloom) does not result in adequate repeat bloom the following year and does not maximize fruit size potential of the remaining fruits. In addition it requires substantial hand labor. Over the years numerous studies found that hand thinning done early in the season (at bloom or shortly after bloom) gave better fruit size and better repeat bloom than hand thinning done at the traditional timing. A major advance in crop load management was achieved with the discovery over 50 years ago of plant growth regulating chemicals, which induce fruit abscission when sprayed 1-3 weeks after bloom. This led to the widespread adoption of these plant growth regulating chemicals to induce sufficient fruit abscission in the first 3-4 weeks after bloom to give good fruit size of the remaining fruits and good repeat bloom (Greene, 2002) .
Economic impacts of crop load
The number of fruit that remain on a tree directly affects yield, fruit size and the quality of fruit that are harvested, which largely determines crop value. Calculations of crop value at various crop load levels have shown that at very high crop loads, yield is very high but fruit size and crop value are low ( Figure 1) (Robinson, 2013) . When crop load is reduced to more moderate levels through thinning, then crop value rises dramatically even though yield is lower because fruit size is larger and has greater value. At some point crop value peaks when yield and fruit size are balanced and then with further reductions in crop load, crop value declines due to the lower yield not being fully compensated by larger fruit size (Robinson, 2008) . It is striking how narrow the crop value peak is in many situations. Thus, management of crop load is a balancing act between reducing crop load (yield) sufficiently to achieve optimum fruit size and adequate return bloom without reducing yield excessively . Identifying and then achieving this optimum crop value is often very difficult for apple growers. More precisely managing crop load will help growers achieve the optimum crop load and maximize crop value. Crop load (fruit no/cm 2 TCA)
Fruit size (g) Yield (t ha -1 ) Figure 1 . Counter balancing responses of 'Gala' fruit size and yield to crop load with the curvilinear response of crop value to crop load showing an optimum crop value at a crop load of ~8-9 fruits cm -2 TCSA (from Robinson, 2013) 
Variability in chemical thinning
Chemical thinning efficacy varies significantly from year to year and within years (Lakso et al., 2001a; Robinson and Lakso, 2004) . There are two major sources of this variability: (1) the spray application process including the chemical thinner concentration, temperature and humidity at time of application, application coverage, drying conditions and cuticle composition; and (2) variation in tree sensitivity. Tree sensitivity is related to stage of fruit development, initial crop load, temperature, sunlight and tree vigor. There is low sensitivity to chemical thinners when fruits are small at petal fall (about 4 mm diameter) followed by higher sensitivity of rapidly growing fruits between 8-15 mm and then lower sensitivity once and after fruits reach 18-20 mm (Robinson and Lakso, 2011) . Williams and Edgerton (1981) have listed many conditions that make the tree difficult to thin or easy to thin. Greenhouse studies with potted trees have shown that cool temperatures with high sunlight after application of chemicals, result in less thinning while high temperatures (especially high night temperatures) with low light levels after chemical application, results in greater thinning efficacy of the same concentration of chemical (Byers, 2002; Kviklys and Robinson, 2010) . The combined effects of temperature and sunlight on thinning efficacy indicate that carbohydrate supply to the young fruitlets influences fruitlet retention or abscission (Lakso, 2010) .
Theories of fruitlet abscission
Several theories of what regulates early-season fruitlet abscission have been proposed. The two main current theories are: 1) polar auxin transport theory (Bangerth, 2004) ; and 2) the carbon supply theory (Lakso et al., 2006) . The polar auxin transport theory suggests that auxins produced by the young newly fertilized seeds are transported out of the seed and then out of the apple along the pedicle of the fruit. The continuous supply of auxin along pedicel inhibits the activation of genes that induce the formation of an abscission zone (Bangerth, 2004) . Evidence for the auxin theory was developed by Fritz Bangerth and his students. Supporting data were provided in a study by Duane Greene (2015) , which showed the application of auxin transport inhibitors to the pedicel of young apple fruitlets induced fruit abscission.
The carbon supply theory of fruit growth and abscission suggests that fruit growth after fertilization requires a continuous supply of carbohydrates provided from current photosynthetic production (Lakso et al., 2006; Byers et al., 1990) . When carbon supply is limited fruit growth rate declines until it reaches an irreversible low level, which stimulates the formation of an abscission zone. Evidence for this theory comes from shading studies or photosynthetic inhibitor studies which both can induce fruit drop in the early fruit growth period after fertilization (Byers et al., 1991) and indirectly from thinning studies with metamitron, an herbicide that inhibits photosynthesis (Reginato et al., 2014) . Perhaps both theories are correct and reduced carbohydrate supply causes a reduction in auxin transport, which then induces the formation of the abscission zone (Bangerth, 2004) . Since the carbohydrate supply portion of the theory seems to be the precipitating event and it has more practical use, it will be the focus of this paper.
Carbohydrates and fruit growth
Carbohydrates are stored as reserves in the dormant tree but these reserves are depleted by bloom as trees use these to produce energy for pre-bloom growth and respiration (Lakso et al., 1999) . After flower fertilization young fruits require currently produced carbohydrates for continuous development and the extent of this demand appears to be associated with the stage of fruit development and level of light (Lakso et al., 2007) . Immediately after petal fall, demand for carbohydrates by developing fruit is only moderate during the initial lag phase of an expolinear growth pattern (Lakso et al., 1995) . However, when fruit reach 8-10 mm in diameter (about 1-2 weeks after petal fall), rapid fruit growth results in an ever-increasingly large carbohydrate demand which may not be met by current photosynthesis (Lakso et al., 2001a) .
At that time in spring, considerable variation in day and night temperatures and light can give large variations in carbohydrate balance (Lakso et al., 2001b) . Day and night temperatures, number of shoots, and number of fruit are important factors that control the demand for carbohydrates. When environmental conditions cause a high demand for carbon and a low production of carbohydrates the tree can experience a deficit of carbohydrates available to support fruit. With a limited carbon supply and high demand data from a study done by Bepete and Lakso (1998) showed that shoot growth has a higher priority for carbon than fruit growth. They showed that when carbohydrate supply was reduced by shading, shoot growth was not reduced but fruit growth was severely reduced, defruiting the trees at very low light levels.
Chemical thinners are reputed to work by providing a transient stress on the tree during the rapid growth stage of shoots and fruits and when fruits are most susceptible to a carbohydrate deficit. Chemical thinners appear to have the capability to create a carbohydrate stress by reducing photosynthesis, increasing respiration or impeding carbohydrate movement to the fruit. Many have observed that the greatest fruit abscission caused by thinners is associated with periods of 3-5 days of reduced carbohydrate availability immediately following thinner application (Robinson and Lakso, 2004) . These weather conditions are generally a combination of warm temperatures and low light. Unfortunately, these are empirical observations that had not been quantified to aid in prediction of thinner response or used to make thinner recommendations.
Models to predict fruit abscission at the fruitlet stage

Apple tree carbohydrate balance model.
A simplified mathematical model that mechanistically estimates apple tree photosynthesis, respiration and growth of fruits, leaves, roots and woody structure was developed at Cornell University (Lakso et al., 2001b (Lakso et al., , 2006 (Lakso et al., , 2007 . The model uses daily maximum and minimum temperatures and sunlight to calculate the production of carbohydrates each day and allocates the available carbohydrates to the organs of the tree. From these data the model calculates the daily balance of carbohydrates for a virtual Empire/M.9 apple tree grown in Geneva, NY.
The output of the model (carbon balance) allows integration of environmental conditions into a single variable. The value of the model in predicting chemical thinner efficacy has been studied since 2000 in both field and greenhouse thinning studies at Cornell University. In each year we identified periods during the 2-3 week thinning window after petal fall where the model estimated either a carbohydrate surplus or a deficit and compared them to our observed thinning responses from the spray timing studies mentioned earlier (Lakso et al., 2007; Robinson and Lakso, 2011) . For example, in 2013 variations in day and nighttime temperatures and daily solar radiation resulted in periods of high carbohydrate surplus and periods of significant carbohydrate deficits ( Figure 2) . We have used the estimated supply-demand balance of the tree to predict or explain chemical thinning response as follows: a carbohydrate surplus will support fruit growth giving less thinning response to chemical sprays while carbohydrate deficits will limit fruit growth giving more thinning response to chemical sprays. In general, the poor carbohydrate balance periods correlated well with the strongest thinning response while periods of surplus carbohydrate balance have correlated with poor thinning response. This relationship has explained many of the year-to-year variations we have observed since 2000. The most striking example came from 2010 in Uruguay where a long period of carbon surplus after bloom led to a very heavy fruit set which was followed by a multi-day period of a very large carbon deficit which resulted in a massive fruit drop ( Figure 3) . (Yoon et al., 2011) . The combined effects of the reduced light and temperature of the glasshouse were calculated as carbohydrate balance using the model. The 5-day average carbohydrate balance affected by temperatures and light was well correlated with fruit set in a strongly positive manner (Figure 4) . At all levels of deficit there was a strong added thinner effect with little difference between NAA+Carbaryl and BA+Carbaryl. Only when the carbohydrate balance showed no deficit did the chemicals thin moderately. We have used these results to develop a set of simple decision rules based on carbohydrate balance for the day of thinning and the next 3 days (Table 1) . Increase chemical thinning rate by 30% +20 to 0 g day -1 Increase chemical thinning rate by 15% 0 to -20 g day -1
Apply standard chemical thinning rate -20 to -40 g day -1 Decrease chemical thinning rate by 10% -40 to -60 g day -1 Decrease chemical thinning rate by 20% -60 to -80 g day -1 Decrease chemical thinning rate by 30% < than -80 g day -1
Do not thin (many fruits will fall off naturally)
Since 2008 we have used the carbohydrate model to predict relative thinner responses prior to the application of thinners thus allowing growers to adjust thinner treatment and timing to achieve an optimal amount of thinning. However, it cannot assess the actual effect of the chemical thinner after application. A response assessment tool after application would be of value to growers in deciding whether to apply a second application of chemical thinner.
The Cornell carbohydrate model is available to New York State apple growers over the internet at (http://www.newa.cornell.edu). It is linked to on-farm weather stations from which the model uses temperature and sunlight data beginning each year with the date of bud-break in the spring to daily calculate tree carbohydrate balance. The web version of the carbohydrate model also uses weather forecasts for prediction of carbohydrate balance 7 days into the future. The web site allows apple growers or consultants to run the model and receive predictions in real time of carbohydrate balance and suggested chemical thinner doses.
Apple fruit growth rate model.
A method of early assessment of thinning efficacy after chemical application based on fruit growth rate has been developed by Duane Greene and others . The model is based on the observation that fruitlets which have slowed growth rates (less than 50% of the fastest growth rates) are usually destined to abscise ( Figure 5) (Lakso et al., 2001a; Greene et al., 2005) . The model uses fruit diameter measurements made twice on each tagged fruit to calculate a fruit growth rate and then categorizes each fruit as abscising or continuing to grow based on whether the growth rate is below or above 50% of the growth rate of the fastest growing fruits on the tree. The model requires the measurement of the diameter of fruitlets on 75 spurs (375 fruitlets) at 3 and 8 days after application of the chemical thinner to clearly differentiate abscising versus retained fruit. The model allows early estimates of thinning efficacy (within 8 days after application), which then allows fruit growers to make informed decisions about the need for a second chemical application if necessary. In 2013 and 2014 the fruit growth model was evaluated in NY with 'Gala' and 'Honeycrisp'. Initial fruit abscission response to the thinner was accurately predicted in both years although a later cloudy period caused additional drop in 2014.
% MAXIMUM FRUIT GROWTH
Precision chemical thinning
Over the last 4 years we have developed an improved method of conducting chemical thinning that utilizes both the carbohydrate model and the fruit growth model to more consistently achieve a target crop load . We have named the method "Precision Chemical Thinning". It uses the carbon balance model as a predictive tool for predicting thinning response prior to application of thinners (Lakso et al., 2006; Robinson and Lakso, 2011) and the fruit growth rate model for early assessment of thinning response immediately following application in time to re-apply another spray if needed.
The method begins with first calculating a desired final fruit number (target fruit number) needed per tree (based on desired yield) and secondly assessing the number of flower clusters on the trees (after pruning) by counting 5 representative trees. Once the number of flower clusters tree -1 is known, the percent of the initial flowers needed after thinning can be calculated. Thinning to the desired target fruit number is achieved by applying sequential chemical thinning sprays followed by rapid assessment of the results in time to apply a subsequent thinning spray and then an early re-assessment, followed by another spray if needed until the final target fruit number for each cultivar is achieved.
The decision making protocol we are using with growers ( Figure 6 ) begins with: 1) one to two bloom thinning sprays at 40 and 80% full bloom; 2) a petal fall spray applied 2-4 days after petal fall (about 1 week after the bloom spray) when fruits are 5-6 mm in diameter. Before the petal fall spray the carbohydrate model is used to guide the rate of chemical and the exact timing of the petal fall spray; 3) after the petal fall spray, an assessment of the efficacy of the bloom and petal fall sprays is made by measuring fruit diameter of tagged spurs and using the fruit growth rate model to predict the percentage of thinning achieved with the bloom and petal fall sprays; 4) if needed, another spray is applied at 10-13 mm fruit diameter (about 1 week after the petal fall spray). Before applying the 10 mm spray the carbohydrate model is used to guide the rate of chemical and the exact timing of the third spray; 5) After the 10 mm spray, an assessment of the effectiveness of all previous sprays is made using the fruit growth rate model; 6) lastly, if still more thinning is needed, a final spray is applied at 16-20 mm (about 1 week after the third spray) to achieve the target fruit number. (Agnello et al., 2014) . The standard dose is then adjusted up or down based on the results of the carbohydrate model on the day of the spray using the decision rules listed in Table 1 .
MATERIALS AND METHODS
Group thinning project
During the chemical thinning period of 2013 (May) we organized a regional group effort to manage chemical thinning of 'Gala' and 'Honeycrisp' more precisely. We enlisted the cooperation of 19 growers and 2 private consultants along with the extension field staff from Cornell to manage fruit chemical thinning according to the precision crop load management protocol, which we have developed.
At each location the grower cooperator counted the number of flower buds on 5 representative trees at pink and then calculated the target number of fruits per tree needed to achieve a desired high yield. The cooperators then tagged 15 representative spurs per tree on the 5 test trees. At petal fall each fruit in each cluster was marked with a number or dot to identify its position in the cluster. After the petal fall spray the fruit diameter of each fruit in the 15 tagged clusters on each of the 5 trees (425 fruits) was measured 3 days after spraying and then again 7 or 8 days after spraying. These diameter data were sent electronically to Terence Robinson who analyzed the data with the fruit growth rate model and within 24 h sent the cooperator the results with his recommendation for the next spray. The cooperators then sprayed the test blocks sequentially with one of two spray protocols (bloom + PF + 12 mm + 18 mm sprays or PF + 12 mm + 18 mm sprays). For 2013 the protocol for 'Gala' was: 1) BA (100 ppm) sprayed at 80% bloom, 2) NAA (7.5 ppm) + Carbaryl (600 ppm) at petal fall (5-6 mm), 3) BA (100 ppm) + Carbaryl (600 ppm) (directed to the upper part of the tree) at 10-13 mm fruit size and 4) BA (100 ppm) + Carbaryl (600 ppm) + oil (0.125%) (directed to the upper part of the tree) at 18-20 mm fruit size.
After each spray the cooperators measured fruit diameters at 3 and 7 days after spraying and the data were analyzed by Terence Robinson and a new recommendation was sent back to the cooperators.
Sequential application experiment at Geneva
In the spring of 2013, we conducted a field experiment at Geneva, NY with 'Gala' to compare thinning efficacy of various timings of thinning sprays and various chemicals (BA+GA 4+7 , BA and Carbaryl). Treatments were either 2 spray-thinning programs (bloom + 12 mm sprays or petal fall + 12 mm sprays); 3 spray programs (bloom + PF + 12 mm or PF + 12 mm + 18 mm) or a 4-spray program (bloom + PF + 12 mm + 18 mm). We measured fruit set on 3 branches per tree and final fruit number and fruit size on the whole tree. Data were analyzed by ANOVA and means were compared using Least Significant Difference (P=0.05).
RESULTS
Group thinning project
The 2013 season brought an intense apple bloom in most of NY State resulting from a low crop in 2012. In the group-thinning project, estimates of bud load for 'Gala' indicated that blocks ranged from a low of 1.1 flower buds/final fruit number to a very high 5.8 flower buds/final fruit number. With 'Honeycrisp' the flower bud loads ranged from 1.5 to 5.8. The average bud loads were about 2.4 for 'Gala' and 3.0 for 'Honeycrisp', which were both excessively high indicating a need for greater pruning severity in most blocks in 2013.
In general it was difficult to thin adequately in most 'Gala' and 'Honeycrisp' orchards. Part of the problem was the very high initial flower bud loads. Multiple thinning sprays gave better results than just one spray with the hard to thin cultivars.
The results of fruit diameter measurements made after petal fall thinning sprays around May 19 or 20 show that the bloom and petal fall sprays provided significant thinning on 'Gala' and 'Honeycrisp' but that additional thinning was still needed. In general, fruit set was reduced from 100% down to about 30% by those two sprays ( Table 2 ). The 10-12 mm spray gave little thinning while the 18 mm spray gave significant thinning in 2013. In general the thinning efficacy was loosely correlated to the estimated carbohydrate balance at the time of the thinning applications. Even with 4 sprays the fruit number per tree with 'Gala' remained above the target fruit number, which required significant hand thinning. This was the case with all but 2 of the 'Gala' orchards and all but 3 of the 'Honeycrisp' orchard used in the study. The precision protocol gave many growers confidence to keep applying more sprays which then gave results closer to the target and resulted in less hand thinning. 
The sequential application experiment at Geneva
The purpose of this experiment was to compare several sequential thinning programs. All thinning spray programs reduced fruit set, fruit number and yield while resulting in increased fruit size with 'Gala' (Table 3 ). The greatest reduction in fruit set occurred with the The 2 spray programs gave intermediate reductions in fruit set and yield and intermediate increases in fruit size. The bloom + 12 mm sprays program tended to perform a little better than the PF + 12 mm spray program.
Among the 3 spray programs the best performance was from the 3 successive sprays of BA/Carbaryl beginning at PF, then 12 mm and 18 mm with some oil added to the last spray.
Among bloom sprays, BA+GA 4+7 and BA performed similarly. Among 18 mm sprays Ethephon/oil performed poorly while BA/Carbaryl + oil performed better.
DISCUSSION
The precision thinning program we implemented in 2013 with growers, consultants and extension field staff utilized the carbohydrate thinning model and the fruit growth rate model to achieve a target fruit number per tree. Fruit diameter measurements gave good estimates of the thinning effect of the previous thinning spray. The real-time recommendations allowed cooperating growers to make real time decisions about the next spray. That information combined with the results of the carbohydrate model gave much greater confidence concerning the timing and dosage of thinning sprays in 2013.
Precision thinning measurements at Geneva, indicated that bloom sprays with BA+GA 4+7 , BA or ATS were helpful in reducing crop load compared to treatments beginning at PF. Although bloom thinning carries risks, in 2013 it was a valuable tool and should be considered in other high crop years.
Sequential applications of thinning sprays were the best approach to thinning 'Gala' in 2013. It was a year with very heavy bloom and poor thinning efficacy. Starting the thinning program with a bloom spray was beneficial. BA+GA 4+7 and BA worked equally well as a bloom spray. For the PF spray either NAA/Carbaryl or BA/Carbaryl worked equally well. For the 18 mm spray BA/Carbaryl + oil worked better than Ethephon+oil. The improvements in fruit size with multiple BA sprays were better than when other chemicals were sprayed at 18 mm.
For many fruit growers, it may be impractical to use the fruit growth rate model on all cultivars since more than 20 cultivars are grown in NY State. Although the fruit growth rate model gives a rapid assessment of the effect of each chemical thinning spray, it requires growers to tag 15 representative spurs of 5 representative trees and then measure their diameter 3 and 8 days after each chemical thinning spray which is laborious and time consuming. This aspect will discourage some growers from using this valuable tool. However, we estimate that the economic impact of optimum crop load adjustment can be worth $ 10,000-20,000 ha -1 . Thus, a labor intense assessment of fruit thinning is justified and is much less expensive than hand thinning or the losses incurred by over-thinning. We suggest growers make the fruit diameter measurements on 3 cultivars (2 hard to thin cultivars and an easy to thin cultivar) to guide the decisions for other cultivars. We suggest growers measure fruit diameters with 'Gala', 'McIntosh' and 'Honeycrisp' in the northeastern part of the United States.
CONCLUSIONS
Apple growers manage abscission in the early season (bloom to 25 mm fruit size) by "controlled" stimulation of abscission and again just before harvest by stopping abscission. Early season abscission can be explained based on hormonal control of abscission or based on carbohydrate supply to the fruitlets to support continued growth. The carbohydrate supply theory has proven useful to assist growers in managing early season abscission.
The precision crop load management program we have developed is based on predicting carbohydrate supply to predict tree response to sprays of thinning chemicals and the measurement of fruit growth rate to assess results. The program is based on the observation that chemical thinning compounds are more effective under low carbon balance and less effective under ample carbon balance. The new precision thinning protocol for managing apple crop load allows growers to first determine a target fruit number and the initial fruit number per tree and then apply sequential thinning sprays beginning at bloom to reduce fruit number per tree in a step wise manner down to the target fruit number. The program utilizes the Cornell Apple Carbohydrate Thinning model and the Fruit Growth Rate model to provide real time information to growers of the progress in this step wise thinning process. The program gives growers confidence to thin when appropriate and sound information about when not to thin. The economic implications of optimum crop load and optimum fruit size are large and justify this more intensive management approach required by the Precision Thinning program.
